Introduction
============

Hybrid organic--inorganic lead halide perovskites have emerged as a revolutionary class of light absorbers in solid-state solar cells^[@bib1],\ [@bib2]^. The power conversion efficiency of perovskite-based solar cells has rapidly increased (currently \>20%) due to the excellent optical and electronic properties of the perovskite material, such as superior light absorption^[@bib2]^, high carrier mobility and long carrier diffusion length^[@bib3],\ [@bib4]^. Of the various organic--inorganic lead halide perovskite materials, methylammonium lead iodide (MAPbI~3~) and its analogs are the most widely studied^[@bib5],\ [@bib6],\ [@bib7],\ [@bib8]^. However, the band gaps of these materials, which range between 1.5 and 2.3 eV, are still non-optimal in terms of the optical absorption onset^[@bib9]^. Currently, much attention is being focused on the possibility to red-shift the perovskite absorption onset to further improve the light-harvesting capability of perovskite-based solar cells^[@bib10],\ [@bib11]^. An intuitive strategy involves the variation of the size of the organic cation^[@bib12],\ [@bib13]^. To this end, formamidinium lead iodide (FAPbI~3~), in which the relatively larger organic cation (formamidinium) replaces the methylammonium cation, is being explored because of its narrower band gap (1.48 eV) compared with MAPbI~3~. FAPbI~3~ solar cells have been demonstrated to show a spectrally extended photocurrent generation onset and high power conversion efficiency^[@bib14],\ [@bib15],\ [@bib16],\ [@bib17],\ [@bib18],\ [@bib19]^. Solar cells based on FAPbI~3~ materials with conversion efficiency \>20% have been recently demonstrated^[@bib20]^. In addition, recent reports of the photophysics of MAPbI~3~ showed that detailed experimental studies of the excitation dynamics are not only of major importance to gain a better understanding of the photophysics of these hybrid semiconductors but also fundamental for understanding the limitation of the device performance^[@bib8],\ [@bib21],\ [@bib22],\ [@bib23]^. In contrast to MAPbI~3~, knowledge of the photophysical properties of FAPbI~3~ is limited and thus requires further studies.

In a previous work, we fabricated FAPbI~3~ perovskite solar cells using three different precursor combinations: (i) a mixture of formamidinium iodide (FAI) and hydrogen lead triiodide (HPbI~3~) (FAI/HPbI~3~); (ii) a mixture of FAI and PbI~2~ (FAI/PbI~2~); and (iii) FAI/PbI~2~ with hydrogen acid (HI) additive (FAI/PbI~2~+HI)^[@bib16]^. Compared with the commonly used precursors (FAI/PbI~2~ or FAI/PbI~2~ with HI), the devices based on the newly synthesized precursor (FAI/HPbI~3~) showed improved morphology and a much higher average efficiency up to 15.4%. Such a dependence on the precursor used to synthesize the material appears to be non-trivial and calls for a systematic investigation of the optical properties of the FAPbI~3~ obtained from the different precursors.

In this report, the temperature-dependent optical properties of FAPbI~3~ perovskite films based on different precursor systems (FAI/HPbI~3~, FAI/PbI~2~ and FAI/PbI~2~+HI) are comparatively investigated. By using temperature-dependent optical spectroscopy, their exciton-binding energies for different crystal phases are extracted. At room temperature, we found the lifetimes to vary from tens to hundreds of nanoseconds, and the photoluminescence (PL) spectra for all of the samples show a single peak. At liquid-helium temperature, the emission features two peaks, one in the blue region that exhibits a rapid decay (0.5 ns) and a second red-shifted peak with a decay of up to several microseconds. These two emissions, separated by \~18 meV, are attributed to free excitons (FEs) and bound excitons (BEs), with singlet and triplet characters, respectively.

Materials and methods
=====================

Perovskite films were prepared according to a previous report^[@bib16]^. We noted that the formation process of FAPbI~3~ perovskite is markedly different when using different precursor combinations. To optimize the structural quality of the perovskite films, different procedures were adopted for different precursors. The annealing time was optimized by controlling the formation of the perovskite. For FAI/PbI~2~-based thin films, FAI and PbI~2~ were dissolved in anhydrous N,N-dimethylformamide at a molar ratio of 1:1. After spin coating at 3000 r.p.m. for 60 s on a glass substrate and then drying at 160 °C for 40 min, perovskite films were formed. The fabrication of FAPbI~3~ films from FAI/PbI~2~+HI was similar to that of FAPbI~3~ film made from FAI/PbI~2~, except 5 vol% hydriodic acid was added to the FAI and PbI~2~ solution, and the annealing time was 30 min. Similarly, FAPbI~3~ films fabricated from new precursors were prepared by mixing FAI and HPbI~3~, and the annealing time was increased to 80 min. Before performing the PL measurements, all films were sealed using a blank glass and epoxy adhesive (Epo-Tek OG 159-2, Nivelles, Belgium) to prevent degradation of the perovskite. Adhesive was solidified under UV irradiation.

PL measurements were performed by exciting the samples with the second harmonic (400 nm) of a mode-locked Ti:sapphire laser (Mira 900, Coherent, Santa Clara, CA, USA). The laser power at the sample was adjusted using neutral density filters. The excitation beam was spatially limited by an iris and then focused with a 150-mm focal length lens. Fluorescence was collected into a spectrometer equipped with a 50 lines per mm grating and then recorded using an Image EM CCD camera from (Hamamatsu, Japan). The spectra were corrected for the spectral response of the set up. Time-resolved traces were recorded using a Hamamatsu streak camera working in single sweep mode. The excitation source was the same mode-locked femtosecond laser with a repetition rate of 76 MHz; a pulse picker was inserted in the optical path to decrease the repetition rate of the laser pulses when needed. For the low-temperature measurements, a liquid-helium continuous flow optical cryostat (Optistat, Oxford, UK) was used.

Confocal laser scanning microscopy measurements were performed using a Nikon (Tokyo, Japan) Eclipse Ti microscope in the backscattering configuration. A Nikon × 40 Plan Apo objective lens was used for all the images reported. The excitation source was an Ar+ laser (excitation wavelength at 488 nm). The PL images of the samples were recorded by reconstructing the PL intensity point by point.

Results and discussion
======================

[Figure 1a--1c](#fig1){ref-type="fig"} shows confocal laser scanning microscope images of the films fabricated from FAI/PbI~2~, FAI/PbI~2~+HI and FAI/HPbI~3~ precursors, respectively. The *x*--*y* spatial resolution of the images is estimated to be ∼300 nm. The FAPbI~3~ films synthesized using FAI/HPbI~3~ and FAI/PbI~2~+HI have a much brighter appearance than the film fabricated from FAI/PbI~2~, suggesting their higher quantum efficiency. Furthermore, the (FAI/PbI~2~+HI)-based film exhibits the most uniform morphology followed by the FAI/HPbI~3~ film. Thin films formed from the FAI/HPbI~3~ precursor solution exhibit small-size domains, probably indicating the higher crystallinity of this sample compared with the other two. The spectrally resolved external quantum efficiencies shown in [Figure 1d](#fig1){ref-type="fig"} show a substantially higher efficiency for the FAI/HPbI~3~-based solar cells followed by that using FAI/PbI~2~+HI as the active layer.

The room-temperature PL spectra of the three different FAPbI~3~ perovskite films are shown in [Figure 2a](#fig2){ref-type="fig"}. Their PL peaks are centered at \~820 nm with a full-width at half-maximum (FWHM) of \~42 nm, consistent with previously reported data^[@bib18]^. Notably, the emission peak of FAI/HPbI~3~-based films shows a 5--6 nm blue-shift compared with the other two films, probably because of the low trap density of FAI/HPbI~3~-based films. It has recently been demonstrated that measurements of the PL dynamics yield important information regarding the diffusion length of the photoexcited species in the devices, with longer PL lifetimes indirectly indicating longer charge diffusion lengths^[@bib3]^. [Figure 2b](#fig2){ref-type="fig"} illustrates the decay time of the three samples at room temperature. FAI/HPbI~3~-based films display an unusually long decay that can be fitted with a mono-exponential function with a lifetime of 439 ns. The lifetime extracted for (FAI/PbI~2~+HI)- and FAI/PbI~2~-based films are 134 and 95 ns, respectively. In these materials, the lifetime of the photoexcited species are sufficiently long to enable diffusion to the charge selective contacts where they are efficiently extracted; thus, a large fraction of the solar spectrum can be collected.

Efficient PL emission and long lifetime can be considered an indicator of low recombination losses in solar cells. As demonstrated in previous studies, the FAI/HPbI~3~-based perovskite solar cells exhibit high external quantum efficiency^[@bib16]^. The FAI/HPbI~3~-based film exhibits the longest emission lifetime, explaining why it results in the best performance among the three different precursor-based systems. [Figure 2c](#fig2){ref-type="fig"} shows the two-dimensional contour plot of a typical time-resolved PL spectrum of a FAI/HPbI~3~ thin film, from which we can extract emission spectra at different times after excitation. It is evident that the shape of the spectrum is independent of the time elapsed after excitation, as shown in [Figure 2d](#fig2){ref-type="fig"}. Similar behavior is displayed by the (FAI/PbI~2~+HI)- and FAI/PbI~2~-based films.

To investigate the origin of the enhanced lifetime of the FAI/HPbI~3~ perovskite film, the PL properties at different temperatures were investigated. [Figure 3a](#fig3){ref-type="fig"} shows the temperature evolution of the PL spectra for the FAI/HPbI~3~ film under an excitation power density of 1.4 μJ cm^−2^. The spectra are normalized using the maximum PL intensity at each temperature. A clear evolution of the peak position is revealed in the contour plot of the PL spectra at the different temperatures. For the other two precursor-based samples, the temperature-dependent PL ([Supplementary Fig. S1](#sup1){ref-type="supplementary-material"}) shows a similar behavior to the one of the FAI/HPbI~3~-based film. The PL spectrum shows a monotonous red-shift towards 848 nm to \~140 K ([Figure 3a](#fig3){ref-type="fig"}). This red-shift is followed by a sudden blue-shift of the PL peak from 848 to 836 nm between 140 and 120 K, and then a new monotonous red-shift continues to 859 nm at 5 K. This red-shift is accompanied by a progressive reduction of the FWHM, as shown in [Figure 3b](#fig3){ref-type="fig"}. The width reduces from 76 meV (i.e., 41 nm in wavelength) at 295 K to 18 meV (12 nm) at 5 K. The abrupt variation (20 meV, i.e., from 847.5 nm to 836 nm) of the exciton energy around 140 K, is significantly smaller than the 90--100 meV value that we and others have reported for MAPbI~3~ at close to *T*=163 K^[@bib21],\ [@bib23]^. In MAPbI~3~, the variation of peak position is related to a sharp first-order structural phase transition between the β tetragonal phase (I4/mcm) and the γ orthorhombic phase (Pnma) due to the lack of a group--subgroup relationship between the space groups. The structural phase transition corresponds to a change of the perovskite tilt system, coupled with orientational disorder of all the MA cations appearing in the β phase. The peak position variation shown in [Figure 3b](#fig3){ref-type="fig"} for FAPbI~3~ is in good agreement with the α--β transition temperature reported by X-ray diffraction^[@bib24]^. The structures of the α and β phase of FAPbI~3~ are trigonal, P3m1 (*Z*=3) and P3 (*Z*=12), respectively. The P3m1 phase of FAPbI~3~ was referred to as the α phase; however, the authors were uncertain whether there is yet another higher symmetry phase at higher temperatures^[@bib24]^. The P3m1 trigonal phase exhibits complete orientational disorder of the cations and a very small cell distortion compared with the Pm-3m high-temperature cubic phase of MAPbI~3~. The reduced exciton energy shift ([Figure 3b](#fig3){ref-type="fig"}) of FAPbI~3~ compared with MAPbI~3~, appears to indicate that the α--β transition in FAPbI~3~ exhibits a less-pronounced first-order character than the β--γ transition in MAPbI~3~ at *T*=163 K. This observation is consistent with the crystallographic group--subgroup relationship between the α and β phases of FAPbI~3~^[@bib24]^, the transition being thus defined as a weak first-order phase transition. Only a minor fraction of the FA cations retain an orientational disorder in the β phase. This behavior may be attributed to the geometry and symmetry of the FA cation, which is more flexible to comply with the lattice distortions^[@bib24]^. The existence of a completely ordered low-temperature monoclinic γ phase was postulated from the inspection of X-ray diffraction data at \~100 K^[@bib24]^, but the structure was not determined. However, the results obtained in this work do not indicate that a possible β--γ transition in FAPbI~3~ occurs at low temperature. The possible existence of a β--γ phase transition in FAPbI~3~ at low temperature deserves additional experimental studies. The absence of a spectroscopic signature between 150 and 300 K is consistent with the stability of the α phase in this temperature range up to room temperature.

The exciton-binding energy is a key parameter for hybrid perovskites; however, the precise binding energy is not clearly known. The reported values for MAPbI~3~ perovskite covers a broad range, from several meV to tens of meV^[@bib22],\ [@bib25],\ [@bib26],\ [@bib27]^. For example, a binding energy of 62.3 meV for CH~3~NH~3~PbI~3-x~Cl~x~ was extracted by Wu *et al.*^[@bib28]^ based on an analysis of the thermal quenching of the PL intensity. Recently, an increasing number of reports have suggested that a lower binding energy exists in perovskites. Even *et al.* predicted that the binding energy is much lower and undergoes a further reduction from 15 to 5 meV above the β--γ transition because excitons are strongly screened by disordered cation orientations, as well as vibrations of the inorganic lattice at room temperature. In good agreement with this prediction, Miyata *et al.* reported the exciton-binding energy of CH~3~NH~3~PbI~3~ to be reduced from 16 to 6 meV at 300 K when measured by the magneto-absorption technique^[@bib23]^. This discrepancy between the PL and magneto-absorption methods may be due to additional thermal quenching processes, which are not taken into account when using temperature-dependent PL to estimate the binding energy^[@bib29]^. If several processes contribute, then additional exponential terms can be added with further activation energies^[@bib30]^.

In our experiment, we observed that the PL intensity of the FAPbI~3~ thin film was quenched when the temperature increases from 5 to 295 K. As discussed previously, there is a α--β transition modifying the emission properties at \~150 K. To exclude the phase transition effect, the temperature-dependent PL emission intensity from 150 to 295 K is fitted. Instead of single-activation energy, the intensity quenching is described by a thermally activated process with two activation energies and is assumed to have the following form:

where *I*~0~ is the emission intensity extrapolated at 0 K, *E*~a~ and *E*~b~ are the activation energies, and *k*~B~ is the Boltzmann constant. [Figure 3c](#fig3){ref-type="fig"} shows the integrated PL intensity versus temperature, where the high-temperature phase and low-temperature phase are fitted separately. On the basis of the least-squares fit, the *E*~a~ and *E*~b~ activation energies are estimated to be 8.1 and 91 meV, respectively, for the HPbI~3~-based film and 9.9 and 113 meV, respectively, for the FAI/PbI~2~ sample. The smaller activation energy is comparable with the room-temperature binding energy (6 meV) in MAPbI~3~ estimated by magneto-absorption. Miyata *et al.* demonstrated that in MAPbI~3~, the exciton-binding energy is equal to 6 meV at room temperature, but increases to 16 meV below the β--γ transition. By fitting the PL intensity from 5 to 110 K, we found that the smaller activation energy increases from 8.1 to 18 meV in HPbI~3~ films. Compared with MAPbI~3~, this result also suggests that the exciton-binding energy is reduced when the cations are totally disordered in the α phase.

To study the exciton−phonon coupling effect, we analyzed the temperature dependence of the PL broadening obtained from the Gaussian de-convolution. The experimental values of the PL spectrum FWHM ([Figure 3b](#fig3){ref-type="fig"}), obtained from a Gaussian best fit of the spectra clearly show that the FWHM increases with temperature. At a temperature of 5 K, the spectrum peak is at \~860 nm with an asymmetric shape and a low-energy tail ([Supplementary Fig. S2](#sup1){ref-type="supplementary-material"}). The spectra change into a Boltzmann-like shape with increasing temperature ([Figure 4a](#fig4){ref-type="fig"}). The PL line width also broadens from 18.5 to 76 meV with increasing temperature from 5 to 295 K. We fitted the experimental FWHM to the following classical equation^[@bib31],\ [@bib32]^:

Here, Γ~inh~ is the inhomogeneous broadening contribution, which is temperature independent, *σ* and Γ~LO~ are the exciton−acoustic phonon interaction and the exciton−optical phonon coupling coefficient, respectively, *hω*~o~ is an optical phonon energy, and *k*~B~ is the Boltzmann constant. As the temperature increases, the acoustic and optical phonon contributions dominate and the line width increases with temperature. From the best fit, the exciton−acoustic phonon coupling constant *σ* is \~78 μeV K^−1^. The inhomogeneous broadening contribution is 18.1 meV. The best-fit value of the exciton-optical phonon-coupling coefficient is 34.8 meV, and the optical phonon energy is 18 meV. This latter value is assumed to be the effective average because the FAPbI~3~ lattice possesses more than one optical phonon.

To better understand the photoexcitation process, the dynamics of the emission processes at different temperatures were investigated under femtosecond pulsed photoexcitation. [Figure 4a](#fig4){ref-type="fig"} shows PL spectra at selected temperatures and corresponding time resolved photoluminescence (TRPL) decay kinetics after photoexcitation, with excitation power density of 1.4 μJ cm^−2^. At room temperature, the emission decay is mono-exponential, with a lifetime of 439 ns, and the emission peak is invariant with time, as already shown in [Figure 2](#fig2){ref-type="fig"}. At low temperature, the emission decay is no longer mono-exponential. In addition to the slow emission decay, an ultrafast decay is observed when the temperature is decreased, as clearly shown in [Figure 4b](#fig4){ref-type="fig"}.

Unlike the mono-exponential single-peak emission at room temperature, an extremely fast emission decay at the blue band (859 nm) and a long-lived emission at the red band (870 nm) are observed at 5 K ([Figure 5a](#fig5){ref-type="fig"}). This observation is similar to the behavior we have recently reported in MAPbI~3~ single crystals at liquid-helium temperature. For the purposes of discussion, we refer to the fast emission decay as PL I and the slow emission as PL II. The PL II and PL I emissions are separated by an energy gap ΔE. We use two methods to determine the value of ΔE: one method is based on the spectra taken at different delay times after photoexcitation ([Figure 5b](#fig5){ref-type="fig"}), whereas the other method is based on fitting the steady-state PL. Using both methods, ΔE of 18 meV is obtained. We use a simple three-level model to interpret the data. The energy level diagram illustrating the model is presented in [Figure 5c](#fig5){ref-type="fig"}, where the levels include a ground state, a short-lived upper state with lifetime *t*~1~ and a long-lived lower state with lifetime *t*~2~. The lifetime of the short-lived upper state is 0.5 ns, whereas that for the long-lived state is up to 2.6 μs. [Figure 5d](#fig5){ref-type="fig"} shows the time-resolved PL curve in the case of the PL II at different power. The decay time is shortened at high-power intensity, which might be related to a saturation effect at high density excitation^[@bib21]^. Note that PL II and PL I are observed for all of the samples at low temperature, with a very small variation in the separation of the two peaks (from 15 to 18 meV, see [Supplementary Fig. S3](#sup1){ref-type="supplementary-material"} in [Supplementary Information](#sup1){ref-type="supplementary-material"}).

The possible origins of the two radiative transitions appearing at low temperature are listed below: A band edge transition (PL I) and a FE (PL II);A band edge transition (PL I) and a BE (PL II);A FE (PL I) and a longitudinal optical phonon replica (PL II);A singlet (PL I)---triplet (PL II) splitting of the same exciton line;A FE (PL I) and a BE with a possible triplet character (similar to MAPbI~3~)^[@bib21]^.

The reader may refer to similar extensive discussions for both the three-dimensional (3D) MAPbI~3~ hybrid perovskite and the (C~6~H~5~C~2~H~4~-NH~3~)~2~-PbI~4~ (PEPI) layered hybrid perovskite^[@bib21],\ [@bib31]^. The first hypothesis appears to be unlikely because PL II corresponds to a long-lived state. The second case may account for the long lifetime for PL II; however, the small BE-binding energy of 18 meV almost corresponds to the FE-binding energy deduced at higher temperature. The third case should be considered carefully because the PL I to PL II energy splitting is on the order of the optical phonon energy of 3D hybrid perovskites, contrary to MAPbI~3~, where the same splitting amounts to \~33 meV. Following a similar discussion for the PEPI compound^[@bib31]^, we note that the PL I and PL II peaks have very different lifetimes as well as very different power dependences. The emission peak is blue-shifted as the excitation power is increased ([Supplementary Fig. S4](#sup1){ref-type="supplementary-material"}). The phonon replica hypothesis can thus be ruled out because similar behaviors would be expected for the two peaks. The fourth case may be excluded on the basis of a theoretical prediction of the singlet--triplet splitting value in these materials (2 meV)^[@bib33]^, which appears much smaller than the observed PL I to PL II energy splitting (18 meV). The last case appears to be the most plausible, although one may wonder why the FE--BE energy separation is smaller in FAPbI~3~ than in MAPbI~3~^[@bib21]^. This difference can be attributed to the fact that the BE state involves an exciton strongly bound to the surrounding organic cations. The differences between the FA and the MA cations are therefore very important for BE states. As previously shown, the abrupt variation of the exciton energy at the α--β transition is \~4--5 times smaller in FAPbI~3~ than for the β--γ transition of MAPbI~3~. This result is attributed to the fact that the FA cation is much more flexible than the MA cation, leading to reduced lattice distortions. Such distortions may appear close to defects or grain boundaries; however, we can also speculate that in FAPbI~3~, as in MAPbI~3~^[@bib21]^, the surface of the crystal is the main location of the traps.

Conclusions
===========

In summary, we studied the photogeneration and recombination of charge carriers in FAPbI~3~ thin films. The lifetime of the photoexcitation in the thin films at room temperature was found to vary from tens to hundreds of nanoseconds, depending on which precursor is used. A strong relationship between the photoexcitation dynamics and morphologies of the thin films was observed. The film starting from the new precursor HPbI~3~ exhibited a much longer lifetime (up to 439 ns) than the other two, explaining why the solar cells exhibited the highest average performance. Interestingly, at low temperature, the samples share common features: a fast emission decay (PL I) in the blue region and a very long-lived red-shifted emission decay (PL II) up to several microseconds, which are attributed to the FE and the BE, respectively. The lifetime for PL I is \<1 ns, whereas it is 2.6 μs for the PL II emission, three orders of magnitude longer than that of PL I, exhibiting a possible triplet character. The results presented provide important fundamental insights into the photophysics of hybrid perovskites. Our results provide crucial information regarding the photophysics of these novel hybrid perovskite materials, which will in turn enable improvements in solar cell performance and a better understanding of their optoelectronic properties.
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![Confocal laser scanning microscopy of FAPbI~3~ films prepared from different precursors. (**a**) FAI/PbI~2~, (**b**) FAI/PbI~2~ with 5% HI and (**c**) FAI/HPbI~3~. (**d**) EQE spectra of FAPbI~3~ solar cells obtained from the three different precursors. EQE, external quantum efficiency.](lsa201656f1){#fig1}

![(**a**) PL spectra of FAPbI~3~ films prepared from different precursor systems. (**b**) Time-resolved PL decay at room temperature. (**c**) 2D pseudo-color plot of streak camera data from a FAI/HPbI~3~-based film. (**d**) Log-plot of PL spectra at different times after photoexcitation. 2D, two-dimensional.](lsa201656f2){#fig2}

![(**a**) 2D pseudo-color plot of the normalized emission spectra under a pump fluence of 1.4 μJ cm^−2^ at different temperatures; the PL spectra are normalized at their maximum intensity. (**b**) Peak position and FWHM of the PL spectra as a function of temperature. The red solid line is the result of a fit, including contributions from inhomogeneous broadening, acoustic and optical phonons. (**c**) Temperature-dependent data of the integrated PL intensity. Inset: the fitted curve from 295 to 150 K and from 110 to 5 K.](lsa201656f3){#fig3}

![(**a**) PL spectra and (**b**) TRPL decay kinetics after photoexcitation with an excitation power density of 1.4 μJ cm^−2^ at representative temperatures.](lsa201656f4){#fig4}

![(**a**) Streak camera data showing the time-resolved PL emission at 5 K. (**b**) PL spectra (with Gaussian fit) taken at different time delays after excitation. A is the PL spectrum at time=0; B is the PL spectrum taken from 5 to 7.5 μs. (**c**) Proposed energy level diagram for FAPbI3 perovskite at 5 K, involving a FE and a BE. (**d**) Power dependence of the time-resolved PL curve. BE, bound exciton; FAPbI~3~, formamidinium lead iodide; FE, free exciton; PL, photoluminescence.](lsa201656f5){#fig5}
